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Abstract 
Background: It is still unknown which types of nanomaterials and associated doses represent an actual danger to 
humans and environment. Meanwhile, there is consensus on applying the precautionary principle to these novel 
materials until more information is available. To deal with the rapid evolution of research, including the fast turnover 
of collaborators, a user‑friendly and easy‑to‑apply risk assessment tool offering adequate preventive and protective 
measures has to be provided.
Results: Based on new information concerning the hazards of engineered nanomaterials, we improved a previously 
developed risk assessment tool by following a simple scheme to gain in efficiency. In the first step, using a logical 
decision tree, one of the three hazard levels, from H1 to H3, is assigned to the nanomaterial. Using a combination of 
decision trees and matrices, the second step links the hazard with the emission and exposure potential to assign one 
of the three nanorisk levels (Nano 3 highest risk; Nano 1 lowest risk) to the activity. These operations are repeated at 
each process step, leading to the laboratory classification. The third step provides detailed preventive and protective 
measures for the determined level of nanorisk.
Conclusions: We developed an adapted simple and intuitive method for nanomaterial risk management in research 
laboratories. It allows classifying the nanoactivities into three levels, additionally proposing concrete preventive 
and protective measures and associated actions. This method is a valuable tool for all the participants in nanomate‑
rial safety. The users experience an essential learning opportunity and increase their safety awareness. Laboratory 
managers have a reliable tool to obtain an overview of the operations involving nanomaterials in their laboratories; 
this is essential, as they are responsible for the employee safety, but are sometimes unaware of the works performed. 
Bringing this risk to a three‑band scale (like other types of risks such as biological, radiation, chemical, etc.) facilitates 
the management for occupational health and safety specialists. Institutes and school managers can obtain the neces‑
sary information to implement an adequate safety management system. Having an easy‑to‑use tool enables a dialog 
between all these partners, whose semantic and priorities in terms of safety are often different.
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Background
According to the ISO 31000:2009 norm [1], risk is often 
expressed in terms of a combination of the consequences 
of an event and the associated likelihood of occurrence. 
Risk evaluation and mitigation are major concerns for 
occupational health and safety (OHS) specialists working 
in organization for economic cooperation and develop-
ment (OECD) countries, in which employers are obliged 
to evaluate all the risks their workers may face [2].
Evaluating the risk of a chemical substance to cause 
harm involves the compilation of accurate detailed infor-
mation from hazard pictograms, or labels, and mate-
rial safety data sheets (SDS), based, for instance, on the 
new regulation system of classification and labeling, the 
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globally harmonized system (GHS) [3]. Estimating the 
likelihood of occurrence requires a study of the exposure: 
processes and procedures, quantities handled, duration 
and frequency of operation, etc. [4].
Engineered nanomaterials (ENMs) often demonstrate 
properties that differ from the properties of the same 
material in the bulk form, providing opportunities for 
new applications [5]. The definition of nanomaterials 
used herein is that given by the European Commission 
(EC) in its 2011 report [6]. ENMs are materials intention-
ally produced at the workplace via chemical or physical 
processes.
The overall human health risk assessment concepts 
for chemicals appear to be applicable to nanomaterials, 
although adaptations may be needed for individual pro-
tocols [7]. The occupational exposure limit (OEL) defines 
the upper limit of the acceptable concentration of a haz-
ardous substance at the workplace. Currently, there are 
no specific regulatory OELs established for ENMs. Rec-
ommended OELs have been developed for certain mate-
rials such as carbon nanotubes (CNTs) [8] and nanosized 
titania (nTiO2) [9]. Given the current state of knowledge 
on ENMs, it is likely that several years will be needed 
before we will precisely know which types of ENMs and 
associated doses will represent a real danger to humans 
and the surrounding environment [4].
In the meantime, there is a consensus on applying the 
precautionary principle to these novel materials until 
more information is available. Recommendations on safe 
working with ENMs have been developed in the past 
decade by government agencies and occupational health 
organizations [10–14]. Some new tools, as those based 
on control banding [4, 15–18] have been developed for 
managing the risk of ENMs in an alternative way. They 
use the generally accepted risk paradigm, in which risk 
is a function of the severity of the impact and the antici-
pated probability of that impact (exposure) [19].
These tools are risk-assessment approaches in the con-
text of uncertainty regarding hazards of ENM, and in the 
absence of occupational exposure limits and recommen-
dations for quantitative exposure measurements. As such 
they are very useful as they can provide an alternative 
risk assessment and risk management process, by group-
ing occupational settings in categories presenting simi-
larities of hazards and/or exposure, while incorporating 
professional judgment and monitoring [16]. It is difficult 
to evaluate the performance of the approaches until now 
and more development is expected in their modification, 
adjustment and validation [19]. Uncertainty and a pre-
cautionary approach seem to result in a rather conserva-
tive allocation of hazard bands, leading to high levels of 
estimated risk requiring high protection [19].
We could not easily apply the existing methods to 
manage the ENM risks in academic research since this 
environment is highly versatile, has large number of labo-
ratories, staff with very high level of education, but fast 
turnover and large cohorts of inexperienced people [2]. 
Additionally, the level of detail of the provided protective 
and preventive measures was not sufficient in the above-
cited methods, as they give basic advices or indicate to 
seek for a specialist [4].
There was an urgent need for a simple and easy to use 
tool (not only for safety specialists but for researchers as 
well) that can rapidly evolve and provide preventive and 
protective measures for a complete life cycle of an activ-
ity involving ENMs. Indeed, research topics in the field 
of safety in academia are recently prioritized. Due to the 
occurrence of numerous accidents investigated by the 
U.S. Chemical Safety and Hazard Investigation Board, 
ABET, the U.S. Accreditation Board of Engineering and 
Technology, has modified recently the chemical engi-
neering curriculum requirements. Starting in 2012 the 
student should obtain sufficient knowledge and know-
how to operate chemical process equipment not only in 
a technical sense but also in conformance with health, 
safety, and environmental regulation [20]. As laboratory 
safety is not simply a matter of materials and equipment 
but also of processes and behaviors, a crucial component 
of chemical education at every level is to nurture basic 
attitudes and habits of prudent behavior so that safety is 
a valued and inseparable part of all laboratory activities 
[21].
We previously developed a methodology for handling 
ENM safety in a research environment [22]. Even though 
the tool was essentially based on the exposure potential 
estimate only, it has demonstrated its usefulness; a first 
screening of the laboratory activities was made, allow-
ing further actions in protecting co-workers, especially 
where significant exposure potential was present.
As new facts are available regarding ENM hazards, 
and therefore more differentiation in determining the 
potential hazard level is possible, we present herein an 
improved control banding methodology to manage the 
safety of ENMs in research environments.
Results
To propose a user friendly method for the determina-
tion of precautionary risk levels of an activity involving 
the work with ENMs, all the questions the user should 
answer are given in the form of schematic decision 
trees, with a choice of possible ‘Yes’, ‘No’, and ‘I do not 
know’ answers. The structure of the procedure is pre-
sented in Fig.  1 and its details and rationales are pre-
sented below.
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Eligibility of the method and information collection
If the activity concerns ENMs as defined by the EC rec-
ommendation [6], the user should collect available infor-
mation on the ENM (e.g., SDS of the used material or its 
bulk material) and the process in question; if the answer 
is ‘No’, the user should adopt a risk analysis method for 
chemical hazards.
Classification of substances into potential hazard levels
The bulk material is defined as the material with the 
same chemical composition and crystalline phase as the 
ENM, but with all the external dimensions larger than 
100 nm. Based on the GHS for classification and labeling 
of chemicals [3], we have classified the (bulk) chemical 
substances into three hazard levels, from H1 to H3 (see 
Fig. 2):
  • H1 substances presumed not to be harmful to human 
health (there is no report to date showing adverse 
effect). Effect: no significant effect to health;
  • H2 substances presumed to be harmful to human 
health. Effect: moderate or transient effects to health;
  • H3 substances known or presumed to have signifi-
cant toxicity in humans. Effect: significant or perma-
nent effect to health.
There are still no publications in the literature that 
show any confirmed effects to humans from exposure to 
ENM and information is only available from in vitro and 
in vivo animal studies. We therefore use following scale 
for potential hazards levels of ENM:
H1 None of endpoints increased; H2 Some indication 
that at least one of the endpoints is increased; H3 at least 
one endpoint is significantly increased.
The endpoints include cytotoxicity, immunotoxicity, 
neurotoxicity, genotoxicity, oxidative stress, inflammation, 
apoptosis/necrosis; the list is not complete and it is 
expected that other endpoints will be determined in future 
studies.
The user shall employ the decision tree in Fig.  3 to 
assign a potential hazard level to the material. Each type 
of ENM should be analyzed separately; for hybrid par-
ticles, composed of two or more chemical elements or 
components, the decision tree should be applied to each 
element or component separately. For readability, the 
questions are organized in seven categories, from a to g 
(see Fig. 3).
Basis for the potential hazard level estimate (Fig.  3). 
Assuming that even hazardous substances pose no risk 
when confined, the first question in Fig.  3 concerns the 
environment, i.e., whether the process is conducted in a 
closed (complete process confinement) or in an open sys-
tem. Examples of such confined systems are glove boxes, 
glove bags, and sealed chambers. If the process is not 
fully enclosed, different criteria on presumed or known 
toxicity based on the literature review are used to deter-
mine the potential hazard level.
Section a, Fig. 3
This part examines whether the ENM has already been 
studied with regard to its classification and labeling. If the 
answer is ‘Yes’, then the hazard of the material to human 
health is clearly identified. Figure 2 is used to obtain the 
hazard level of the ENM according to its classification. 
In their study, Lee et  al. [23] evaluated the information 
provided in 97 ENM related SDSs and found that most of 
them did not include sufficient information on the safety 
of ENM such as their toxicity and physicochemical prop-
erties. As research on nanomaterials toxicity is ongoing 
and guidance on the preparation of SDS for ENM was 
made as a supplement to ISO 11014 [24], hopefully more 
information will be available in the future.
Fig. 1 Flow chart of the process for nanolaboratory classification. Schematic presentation of the procedure for managing occupational safety and 
health in laboratories producing and using engineered nanomaterials
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If the ENM is not classified, further questions are asked 
regarding the corresponding bulk material in section b of 
the tree.
Section b, Fig. 3
ENMs whose bulk material is classified as H3 or H2 
(Fig.  2) are also assigned the same H level (except 
nanofibers that are further examined in section d of 
Fig. 3). Further criteria in the decision tree will therefore 
be examined only for those ENMs whose bulk material is 
not classified (or does not exist yet) or is classified as H1 
according to Fig. 2.
Section c, Fig. 3
In this part, the solubility of ENMs in an aqueous envi-
ronment (pH 5–7) is considered. In the context of this 
work, the solubility is considered to clearly differentiate 
between the ENM and its bulk counterpart. If the investi-
gated ENM dissolves in water under (near) physiological 
conditions, the final system will be a solution composed 
of ions, atoms, or molecules. The toxicity of these species 
is already classified by the relevant authority [25].
The extent to which a species dissolves can be 
expressed in terms of the equilibrium constant. At the 
macroscopic level, a common threshold for determining 
the solubility is 0.1–1  g per 100  mL of water [26]. Our 
team has adopted a threshold of 0.1 g/L, as given in [27]. 
Solubility data on a large number of bulk inorganic com-
pounds can be found in online databases [28, 29] or in 
standard handbooks [30].
Materials whose solubility is larger than this threshold 
value are considered soluble, whereas materials whose 
solubility is lower are considered insoluble. Notably, 
there is no absolute insoluble material, and the threshold 
applied here has been chosen knowing that small nano-
particles show an increased solubility compared to bulk 
materials. The ENM size is considered as the primary 
physicochemical property affecting the solubility; how-
ever, the ENM shape, surface area, and crystallinity have 
been revealed to also play major roles [31].
The solubility generally increases as the particle size 
decreases, as theoretically confirmed by the Ostwald–
Freundlich equation [32]. The range of validity of the 
equation has been discussed in many manuscripts and 
the interested reader is referred to the respective litera-
ture [33–35].
For the described methodology to manage the ENM 
safety in research environments, users that handle nan-
oparticles should use the Ostwald–Freundlich equa-
tion to roughly estimate the influence of particle size on 
solubility:
where S is the solubility (in mol  kg−1) of spherical par-
ticles, r is the radius (in m), S0 is the solubility of the 
bulk material, V is the molecular volume (in m3 mol−1), 
γ is the surface tension (in J m−2), R is the gas constant 
(in J  mol−1 K−1), and T is the temperature (in K). The 
obtained solubility S should then be checked against the 
above mentioned threshold value 0.1 g/L.
The solubility does not change significantly, compared 
to the bulk value, for particles with size between 10 and 
100  nm, and the most significant enhancement in the 
calculated solubility is typically expected for very small 
particles below 10 nm. For example, using typical values 
(1)S = So exp
(
2γV
RTr
)
Fig. 2 Innovative chemical substances classification into three haz‑
ard levels. Source of pictograms: Globally harmonized system of clas‑
sification and labeling of chemicals (GHS), United Nations Economic 
Commission for Europe, 2011
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Fig. 3 Decision tree for potential hazard level determination. Questions that should be answered by engineered nanomaterial users and producers 
in research environment when assigning a potential hazard level to their material. The questions are organized in seven sections: a, b…, g
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for oxides (e.g., TiO2, anatase) the solubility of 100  nm, 
10 nm, and 5 nm particles is respectively 1.2, 5.2, and 27 
times larger than the bulk solubility.
As shown in Fig.  3, section c, three potential hazard 
levels are possible for soluble substances.
  • Soluble fullerenes are classified as potential hazard 
level 2. The current information on human exposure 
and toxicity of fullerenes is restricted to short-term 
studies only. It has been shown that pristine fuller-
enes exhibit low toxicity, but extrapolations to vari-
ous fullerene types or chronic exposure cannot be 
made at this point [36].
  • Soluble ENM substances whose bulk material is clas-
sified as H1 are assigned the same hazard level.
  • Soluble ENMs whose bulk materials are not classified 
as H1 or the answer is ‘I do not know’ are endorsed 
with the highest potential hazard level following the 
precautionary principle.
  • Insoluble substances or substances whose solubility 
is not known are further examined in the section d 
of the tree.
Section d, Fig. 3
A nanofiber is defined as a “nano-object with two simi-
lar external dimensions in the nanoscale and the third 
dimension significantly larger” [37].
Fibers or high aspect ratio nanoparticles (HARN) 
have gained enormous interest in the field of inhalation 
toxicology. Previous studies on pathogenic fibers such as 
asbestos indicate that some parameters, such as longer 
length (>10–15 μm) and durability, are important in driv-
ing fiber toxicity involving fibrosis, pleural plaques, and 
cancer, i.e., mesothelioma, within occupational or con-
sumer related settings [38, 39]. All findings are summa-
rized in the so-called fiber paradigm, which describes 
the structure–toxicity relationship as a function of fiber 
length, thickness, and biopersistence (for a review, see 
[40]). Biopersistency might also occur for other ENM 
such as round shaped particles, however, it is especially 
a problem when the fibers cannot be engulfed by mac-
rophages, but are released in their environment (i.e., frus-
trated phagocytosis [41]). This is not expected to occur 
for round shape particles where the majority (if not all) is 
taken up by the cells.
Two potential hazard levels are possible for nanofibers 
in our decision tree.
  • Biopersistent (defined as the ability of a fiber to 
remain in the lung in spite of the lung physiological 
clearance mechanisms) nanofibers, as well as all fib-
ers whose composing material is not classified as H1, 
are assigned the H3 potential hazard level.
  • If a nanofiber is not biopersistent and its composing 
element is not classified as hazardous or is classified 
as H1, it is classified as potential hazard level 1.
As for the other parts of the decision tree, ‘I do not 
know’ answers (question on biopersistence and classifica-
tion of composing materials herein) are always treated as 
the worst-case scenarios (potential hazard level 3).
If an insoluble ENM is not a fiber, further questions 
(section e, Fig.  3) deal with pure metals and materials 
with metallic properties as defined in [42].
Section e, Fig. 3
Among metals, gold is classified as H1 if its particle 
size is larger than 10 nm [43]. Gold particles with sizes 
below 10  nm were revealed to produce DNA damage 
[44] and are therefore treated as all the other metallic 
nanoparticles, namely, classified as H3. Regarding other 
noble metals like platinum or palladium we decided to 
classify them as H3 because either powders of these 
metals could have harmful health effects or not enough 
concerning their impact on health is known [45, 46]. 
This classification is based on the state of the art regard-
ing the toxicity of metals as presented by Karlsson et al. 
[43].
Section f, Fig. 3
If a material is not a metal or a material with metallic 
properties, but is composed of pure C, it is treated as 
follows.
  • Fullerenes, nanodiamonds, and carbon black are 
classified as H1. These three types of materials do 
not show toxic reactions [47, 48]. Furthermore, the 
occupational exposure standards and guidelines for C 
black are set in most of the countries [48].
  • Graphene is still a relatively new material and only a 
few datasets regarding its toxicity exist. As such, it is 
classified as H3.
Section g, Fig. 3
The remaining categories of substances, i.e., metal oxides 
and semiconductors, are treated in the last part of the 
decision tree.
•  Amorphous substances are classified as H1, except 
amorphous silica (SiO2), which is classified to potential 
hazard level H2. Epidemiological studies have drawn 
inconsistent conclusions on amorphous silica toxicity 
[49]. In  vivo animal studies have reported a transient 
inflammatory response to amorphous silica [50, 51]. 
In  vitro studies have shown that exposure of mouse 
alveolar macrophage cells to both, crystalline and 
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amorphous silica results in cell death [52], the effect on 
other cell types is less clear.
A problem in evaluating the human effects of amor-
phous silica exposure is that there is usually some level of 
crystalline silica contaminating amorphous silica samples 
[53].
Registration, evaluation, authorization and restric-
tion of chemicals (REACH) is an European regulation 
by which manufacturers and importers are required 
to gather information on the properties of their chemi-
cal substances, which will allow their safe handling, and 
to register the information in a central database in the 
European Chemicals Agency (ECHA). Silica is currently 
undergoing a REACH process. It is possible that we need 
to re-evaluate our current hazard classification when the 
process is completed.
•  For crystalline materials, two selection criteria are 
used, i.e., the band gap energy and the energy of the 
lower edge of the conduction band. If the band gap 
energy is in the energy range of visible or near infra-
red light (from 3.16 eV at a wavelength of 400 nm to 
1.55  eV at 800  nm), the excitation of the electrons in 
the valence band during handling under daylight con-
ditions could be possible, increasing the photoreac-
tivity of the particles. For example, the cytotoxicity of 
nTiO2 under light illumination was related to the gen-
eration of reactive oxygen species (ROS), a mechanism 
not observed in the dark [54]. If its band gap energy 
is in this range (from 1.55 to 3.16  eV), the ENM is 
classified as H2, otherwise the question on the ENM 
energy of the lower edge of the conduction band is 
examined. Zhang et al. [55] were able to show that the 
overlap of the conduction band energy levels with the 
cellular redox potential (from −4.12  eV to −4.84  eV) 
was strongly correlated with the ability to induce oxy-
gen radicals, oxidative stress, and inflammation. If the 
energy of the lower edge of the conduction band lies 
between −4.2 eV and −4.8 eV, an H2 potential hazard 
level is assigned to the material, and an H1 hazard level 
otherwise. To help the user classify their materials, we 
have calculated (using approach as given in [56]) band 
gaps and energies of the lower level of the conduction 
bands for some common materials as functions of the 
particle size. The table is available in Additional file 1: 
Figure S1.
Once that one of the potential hazard levels (H1, H2, or 
H3) is assigned to the ENM, the substance and process 
emission potential is examined more in detail in the deci-
sion trees in Figs. 4, 5 in function of the obtained poten-
tial hazard level.
Integration of the activity emission potential to obtain the 
nanosafety laboratory level
For the assigned potential hazard level (H1, H2, or H3), 
users should employ the corresponding decision tree (a, 
b, or c) in Figs. 4, 5 to determine the nanosafety labora-
tory level. The decision tree should be used to analyze 
each phase of the process (weighting, synthesis, etc.), as 
every stage represents a different activity emission poten-
tial. As a result of the analysis, the different phases of the 
processes will be classified into Nano 1, 2, or 3. The high-
est of the obtained nanosafety levels is then assigned to 
the laboratory (physical space).
Basis for the activity emission estimate
As discussed in the introduction, the risk of an event is 
determined as the product of the severity of the conse-
quence of that event and its probability of occurrence. 
For substances that pose chronic hazards, the probability 
of appearance depends on the exposure dose to that sub-
stance and its efficiency to cause damage.
For ENMs, OELs and standard equipment for suffi-
ciently detailed routine exposure measurements do not 
exist. Consequently, different alternative approaches are 
used to access the probability of occurrence and expo-
sure. According modified (for ENM) source receptor 
approach [57], inhalation exposure is represented as a 
multiplicative function of the substance emission poten-
tial, activity emission potential, near field and far field 
sources, reduction of transmission (local controls and 
general ventilation), reduction of emission, and back-
ground [15]. When examining the maximum possible 
exposure, only the potential for emission of a process 
has been considered; the last being determined by the 
substance emission potential (form, physical state of the 
substance, dustiness) and the activity emission potential 
(handled amount and frequency of activity) [19]. For each 
of the decision trees that concern different hazard levels 
(Fig.  4a, b), we take the physical state of the substance 
(handling in suspension, powder, and matrix) as the 
starting point to assess the substance emission potential. 
The activity emission potential is then investigated only 
for powders, whereas, for handling of suspensions and 
matrices that remain in that phase, the activity emission 
potential is not investigated, as the substance emission 
potential is considered low.
Handling ENMs in suspension. If the ENMs remain in 
suspension, the laboratory is classified as Nano 1 (Fig. 4a, 
b); this classification is also applied for suspensions that 
are aerosolized in a closed environment. Only for H3 
ENMs, even for activities where the ENMs remain in sus-
pension, the attributed laboratory level is Nano 2 (Fig. 5). 
If the suspension is drying, it is treated as handling the 
ENM in powder form.
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Fig. 4 Decision tree for determining the Nano risk laboratory level. a Decision tree used for determining the Nano level as a function of the sub‑
stance and activity emission potential for the potential hazard level H1 obtained using Fig. 3. b Decision tree used for determining the Nano level as 
a function of the substance and activity emission potential for the potential hazard level H2 obtained using Fig. 3
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Handling ENMs in powder form. In case of H3 hazard 
level (Fig. 5), which is defined as the hazard level with sig-
nificant or permanent health effects, it has been decided 
to classify the laboratory directly as Nano 3, indepen-
dently of the quantities and frequency of use. The highly 
toxic aspect overwhelmed the frequency factor. For H1 
and H2 potential hazard levels (Fig. 4a, b), the quantity of 
the powders as well as the frequency and duration of use 
are examined.
Concerning the choice of the relevant quantities of 
ENM powders to determine the activity emission poten-
tial, we noticed that typical amounts used in the literature 
[17, 58] are based on what is usually found in the envi-
ronment, i.e., industry or research; it is difficult to deter-
mine some other reliable criteria for these quantities.
According to the guidelines on the precautionary 
matrix for synthetic nanomaterials developed by the 
Swiss Federal office of public health [59], the maximum 
possible exposure corresponds to the total quantity of the 
used substance. In the precautionary matrix, the thresh-
old values for the quantities of the substance are calcu-
lated based on the OEL value for diesel soot particles. 
Starting from 100 μg/m3 (8 h weighted average limit con-
centration) and taking into account that average volume 
of air breathed by a 70 kg body weight person is 12 m3 
in 8 h the obtained value is 1200 μg. The inhalation rate 
value assumed here is calculated using empirical formula 
Qinh = 2.3 × Bw0.65 m3/day for volume of air inhaled per 
hour by an adult in case of light exercise [60, 61]. If the 
entire quantity of the material is diffused in the air and 
inhaled, the value would still be below the limit value. In 
an equivalent manner, starting from the value of 3  mg/
m3, a typical OEL for a multitude of inert particles [62] 
we have obtained a total quantity of 36 mg (rounded to 
40 mg) for the inert materials. This value has been used 
as a threshold for materials whose hazard level is H1 
(Fig.  4a). Three threshold values are used: quantities 
smaller than 40 mg (called Quantity 1), between 40 and 
400  mg (Quantity 2), and larger than 400  mg (Quantity 
3). A twice smaller quantity is used for H2 substances; the 
threshold values are organized in a similar way (20  mg, 
between 20 and 200 mg, and more than 200 mg) (Fig. 4b).
We used the matrix presented in Fig.  6 to solve the 
frequency and duration of operation, which contribute 
to the activity emission potential together with the pow-
der quantity. Typical durations of operations in research 
environments are presented on the abscissa (15, 30, 60, 
120, and 180 min), while 3 days per week (ordinate) are 
considered as the average time that an individual works 
in the laboratory. Figure 6 shows the distribution of daily 
occupations in relation to the number of days of work in a 
year (1 week, 2 weeks, a month, 4 months and 52 weeks). 
Numbers in the matrix are obtained as the product of the 
activity duration time (expressed as the percentage of the 
8  h working time) and the number of days of work per 
year. Three classes of frequency and duration are set in 
green, orange, and red.
The matrix used to correlate the quantities of the 
powders with the frequency and duration in the activity 
emission potential (EP 1, EP 2, and EP 3) is depicted in 
Fig. 5 Decision tree for determining the Nano risk laboratory level. Decision tree used for determining the Nano level as a function of the sub‑
stance and activity emission potential for the potential hazard level H3 obtained using Fig. 3
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Additional file  1: Figure S2a. The matrix presenting the 
combinations used for finally combining H levels and EP 
levels into Nano laboratory levels is depicted in Addi-
tional file 1: Figure S2b.
In practice, the user does not need these two figures, 
as the matrices in there were already considered when 
designing the decision trees for the nanolevel determina-
tion (Figs. 4, 5).
Handling ENMs in matrices. The preparation of com-
posites is either treated as handling ENMs in suspension 
or handling ENMs in powder. For all the potential hazard 
levels, if the material characterization and post-prepara-
tion processing activities do not include any mechanical 
or thermal treatment, the laboratory is classified as Nano 
1 (Figs. 4, 5) in case of handling ENMs in matrix. If dust 
can be released during manipulations or if the compos-
ites are friable, the activity is treated as ‘handling ENMs 
in powder’.
Protective and preventive measures
The preventive and protective measures that apply to the 
corresponding Nano safety laboratory level are summa-
rized in Figs. 7, 8, 9, 10.
Mitigation measures that concern waste management, 
reception and shipment of ENMs, ordering procedures, 
and storage as well as cleaning (‘How’) are common for 
all the Nano laboratory safety levels and are regrouped in 
Fig. 7.
To reduce the ENM inhalation risk, it is strongly rec-
ommended to generate “liquid” waste. Contaminated 
material should be disposed in plastic bags for toxics 
placed inside trash bins. Solid waste should be disposed 
in adequate containers, one family of solids per container, 
and liquid waste in plastic containers, one type of solvent 
per container. Double packaging of containers should be 
used for the transport to the waste collecting point.
Besides the measures that are common to all the Nano 
laboratory safety levels, each level is characterized by a 
specific set of protective measures (Figs. 8, 9, 10) that are 
categorized into technical, organizational, and personal 
measures. The priority is set to protecting the respiratory 
tract and skin.
  • As illustrated in Fig. 8, Nano 1 practically designates 
an ordinary chemistry laboratory with no particular 
requirements in terms of technical and personal pro-
tective measures.
  • Nano 2 and Nano 3 laboratories basically have the 
same technical measures; Nano 2 laboratories (Fig. 9) 
are planned in such a way as to be technically ready 
to become Nano 3 laboratories. However, personal 
measures are considerably simpler.
  • Nano 3 laboratories (Fig. 10) require extensive tech-
nical measures. General exhaust ventilation should 
have exiting air filtering with a sealed H14 filter (EN 
1822:2009 European Standard for ventilation filters. 
H14 has 99.995 % average efficiency for 0.3 μm par-
ticles) with regular maintenance. All the extraction 
air from a Nano 3 laboratory is filtered before reach-
ing the ventilation system of the building to avoid air 
contamination outside the laboratory. Depending on 
the type of process and activity, either local exhaust 
ventilation, which captures contaminated emissions 
at or very near the source, or manipulation under 
chemical fume hood will be adopted.
  • Most of the organizational measures are present in 
all the Nano laboratory types as basic training on lab-
oratory practice, introducing notions of ENM poten-
tial hazards, precautions, and written working proce-
dures. Some additional organizational measures are 
recommended for the Nano 3 laboratory type, such 
as restricted access and laboratory training specific 
for the ENMs in use.
  • A security vestibule with a safety shower (to use in 
case of accidents) is also required for Nano 3 labo-
ratories. The former will be an area that is physically 
separated from the laboratory where clothes can be 
changed into laboratory apparel, preventing contami-
nation of the former.
  • Personal protective measures assign specific protec-
tive equipment to different hazard levels. As pow-
Fig. 6 Matrix combining duration and frequency of operation for 
powder handling. Distribution of typical durations of operations 
in minutes (abscissa) in relation to the number of days of work in a 
year (ordinate). The numbers in the matrix are obtained as a product 
of the duration time (as a percentage of the 8 h working time) and 
number of days of work per year. Three classes of duration–frequency 
are set in green, orange, and red
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ered air respirator ensures better comfort for longer 
work periods, we recommend this system if the work 
(Nano 3) lasts over 2 h. While a P3 (EN 143) or FFP3 
(EN 149)/P-100 (USA NIOSH) filter or filtering mask 
is advised for shorter work periods. Protection of the 
body parts depends on the hazard level, from labo-
Fig. 7 Protective measures for all the nanolaboratory types. These measures regard transport and elimination, reception, shipping, and cleaning
Fig. 8 Protective measures for Nano 1 laboratories. The measures are organized into technical, organizational, and personal. The Nano 1 laboratory 
basically corresponds to an ordinary chemistry laboratory
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ratory coat for Nano 1 (Fig. 8) to overalls with hood 
(Tyvek® style) for Nano 3 (Fig.  10). According to a 
work by Golanski et al. [63], the glove (nitrile, vinyl, 
latex, neoprene) efficiency is very high for 20–100 nm 
graphite aerosols. A recent study [64] showed pen-
etration of nTiO2 for disposable nitrile gloves under 
deformation when exposed to both nTiO2 pow-
der and colloidal solutions of nTiO2 (after 7 and 5 h 
respectively). The result suggests that the exposure 
might be reduced through frequent replacement of 
disposable gloves, especially for exposures to ENMs 
in liquid phase.
  • We recommend the use of two pairs of gloves in case 
of Nano 3 and Nano 2 for precautionary purpose. By 
using two pairs of gloves, the user has the possibility 
to remove the contaminated pair of gloves first and 
keep the second pair until the protective clothes and 
mask are removed. One pair of gloves can be used 
for the Nano 1 laboratory level; choice of gloves must 
also take into account chemicals (i.e., solvents, sur-
factants, etc.) that might be part of the ENM matrix 
or use conditions.
  • Currently, there are no national or international 
standards for medical survey. We recommend the 
medical survey (Figs. 9, 10) as a mandatory preven-
tive examination for persons working with ENMs. 
Based on the Swiss National Insurance Company 
(SUVA) initiative, the survey is done (with 2  years 
interval) when two exclusive eligibility criteria are 
fulfilled:
  • Work in areas classified as Nano 2 or Nano 3.
  • Annual duration of exposure longer than 30 days or 
200 h.
Medical surveillance includes a targeted history, physi-
cal examination, laboratory testing (hematology, renal 
and hepatic parameters, urinary status), spirometry, elec-
trocardiogram, and chest X-rays.
When downgrading a laboratory (from level 3 to 2, or 
from level 2 to 1), wet cleaning and double wiping should 
Fig. 9 Protective measures for Nano 2 laboratories. The measures are organized into technical, organizational, and personal. Cleaning (person, 
protective equipment, and supervision) and medical survey are also specified
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be done as well as contamination checks (air and sur-
faces) conducted by an occupational hygienist.
Example of application of procedure for safety 
management of ENMs
Purification of silica particles
Description. Typically, 250 mL of a silica particles disper-
sion is produced at approximately 10 g/L. This dispersion 
(in mixture of ethanol/ammonia/water) must be concen-
trated in vacuo prior to dialysis against water. The round 
bottom flask containing the particles is connected to a 
rotavap placed in a fume hood (pressure 250–300 mbar; 
temperature: 50 °C). The particles are subsequently trans-
ferred to a dialysis membrane (previously swollen in 
water). To transfer the particles adhered to the flask wall, 
a small volume of ethanol (5–10  mL) is added, and the 
flask is sonicated for 1 min. The liquid is then transferred 
to the dialysis membrane. Once the dialysis is complete, 
the particles (still in liquid) are stored in a bottle for 
further use. Final quantity: between 100 and 200  mL of 
Fig. 10 Protective measures for Nano 3 laboratories. The measures are organized into technical, organizational, and personal. Cleaning (person, 
protective equipment, and supervision) and medical survey are also specified
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dispersion; frequency of operation: few times per month. 
A block diagram in Fig. 11 represents the main steps of 
the activity and related (non related to ENM) hazards.
Evaluation using the safety procedure
The decision tree in Fig.  3 will be used to classify this 
material to one of the three potential hazard levels as 
follows.
  • The process is not in a confined environment.
  • Section a in Fig. 3: the relevant authority did not clas-
sify the ENM.
  • Section b: bulk material does exist and is classified as 
non-hazardous. Further criteria are therefore exam-
ined in the following sections of the decision tree.
  • Section c: the ENM is not soluble in water.
  • Section d: the ENM is not a nanofiber.
  • Section e: the material is not a pure metal or an alloy 
with metallic properties.
  • Section f: the material is not pure C and is amor-
phous; As the substance is SiO2 it will be classified 
as H2.
Results. The exposure potential is examined using 
Fig. 4b, which relates to H2. As in all phases of the pro-
cess the material remains in suspension, the process is 
classified as Nano 1.
The work can thus be done in an ordinary chemistry 
laboratory (Fig.  8, measures specific to Nano 1). Addi-
tional measures should be taken regarding the waste 
elimination and transport (Fig. 7).
Another example of application of procedure for safety 
management of ENMs (Handling of CNTs for cell culture 
experiment) is given in Additional file 2.
Discussion
The testing in the field suggests the developed proce-
dure is indeed simple and rapid to use analysis tool. The 
researchers can quickly assess the risks related to their 
activities with ENMs and identify which safety measures 
should be implemented. Based on new data on ENM, 
more differentiation is possible when classifying individ-
ual materials into hazard classes. The major asset of the 
preceding method regarding the level of details in pre-
ventive and protective measures in all its aspects is kept 
and further improved.
If the user did not invest sufficient time in examining 
the products or the working processes, thereby answer-
ing questions with ‘I do not know’, the laboratory will 
automatically be shifted to a higher Nano class. It is in 
the user’s interest to gather available information and 
answer the questions as accurately as possible.
When testing the procedure, the laboratory person-
nel would often skip a phase in the analysis of a process. 
As they are typically not trained for exposure risk analy-
sis, they might oversee some segments where a product is 
transferred between containers or similar. The reminder 
that each phase of the work with ENMs should be studied 
is essential. In any case, the use of the presented procedure 
signifies an essential learning opportunity and contributes 
to the ENM safety awareness increase for the users, but 
also for employers and supervisors of ENM laboratories.
Fig. 11 Block diagram representing the main steps of purification of silica particles. The diagram representing the main steps and related hazards 
(non ENM related) in the activity of purification of silica nanoparticles
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If a laboratory is classified as Nano 2 or Nano 3, the labo-
ratory responsible will get in touch with the OHS specialist 
to analyze the process in more detail and consider the pos-
sibilities to reduce the Nano class or regrouping activities. 
If technically feasible, the process containment is the best 
option, as other protective measures are then avoided and 
the laboratory is not restricted to only certain nano–related 
activities. Following the analysis and expertise of the OHS 
specialists, the laboratory is finally classified. Protective 
measures should be taken as general recommendations; 
more complicated situations need to be individually ana-
lyzed and specific measures adopted. However, these spe-
cific analyses are restricted to a few specific circumstances, 
as the supplied tables cover the majority of the situations.
Concerning accidental releases, there is not a single 
procedure that can be suggested, as the reaction will 
depend on place where the spillage occurred, physical 
state and quantity of the substance in question. Small 
spillages of powder inside the enclosures can be wet 
cleaned. For liquid spills: absorbent material appropriate 
for the solvent in dispersion should be applied (all should 
then be eliminated to the special waste).
For spillage outside the enclosures, the staff should quit 
the laboratory and contact institute emergency service, 
which will isolate contaminated area and decide what 
action to take. For larger quantities of powder for exam-
ple, a dedicated, approved HEPA vacuum whose filtra-
tion effectiveness has been verified can be used, and wet 
cleaning done subsequently.
As research activities, and therefore processes, change 
rapidly in research settings, it is crucial to quickly adapt 
to these changes. To fulfill this requirement, regular labo-
ratory visits by occupational health and safety staff, infor-
mation transfer to occupational safety and health staff, 
and updates of the nano evaluation whenever a notable 
change is observed in the activity classifications are man-
datory. Implementation of presented procedure requires 
full support of parent organization. At EPFL, the school 
direction approved an internal directive on this subject.
Conclusions
At present there is not enough knowledge on the possible 
adverse effects of ENMs to perform a complete quantita-
tive risk assessment. This situation stimulates initiatives 
of governmental authorities, policy makers, industrial 
organizations, and civil society organizations to advocate 
the application of the precautionary principle for risk 
management.
Here, a practical and simple to use decision tree for 
nanomaterial safety and health management in research 
environments, based on the current state of knowledge, 
is proposed. It can be easily updated when more scientific 
data will become available.
The methodology is based on user-friendly question-
naires allowing the quantification of the ENM risk level of 
the laboratories to propose pragmatic mitigation measures 
and limit the exposures as much as considered reason-
able. The laboratory responsible is in charge of applying 
the measures adapted to the specific activities. As research 
processes and equipment evolve very fast, the use of sim-
plified methods with dedicated corrective measures and 
actions is essential. Monitoring, adaptation, control, and 
review of measures in place have a high importance.
Owing to an insufficient knowledge and application of 
the precautionary approach in practically all methodolo-
gies for management of ENM safety currently available, 
protective measures have an ‘over-protection’ tendency. 
There is a chance that these measures will be softened as 
knowledge will increase. As far as academia research is 
concerned, being on the ‘over-protective’ side is generally 
better than having an insufficient protection; this envi-
ronment has an important role in educating people (they 
will be the future managers in the industry).
Authors’ contributions
AG contributed to design of the exposure potential decision tree and the 
safety measures. She is the paper main writer. AF contributed to the design of 
decision tree for hazard level determination and drafting the manuscript. BR 
contributed to the design of decision tree for hazard level determination and 
drafting the manuscript. HH contributed to the design of decision tree for haz‑
ard level and exposure potential determination and drafting the manuscript. 
TM was the initiator and coordinator of the “nanosafe team”. He contributed 
to design safety measures and chemical classification. All authors read and 
approved the final manuscript.
Author details
1 Occupational Safety and Health, School of Basic Sciences, Ecole Polytéch‑
nique Fédérale de Lausanne, Lausanne, Switzerland. 2 Group of Chemical 
and Physical Safety, Ecole Polytéchnique Fédérale de Lausanne, Lausanne, 
Switzerland. 3 BioNanomaterials, Adolphe Merkle Institute, University of Fri‑
bourg, Ch. des Verdiers 4, 1700 Fribourg, Switzerland. 4 Chemistry Department, 
University of Fribourg, Ch. Du Musée 9, 1700 Fribourg, Switzerland. 5 Powder 
Technology Laboratory, Ecole Polytéchnique Fédérale de Lausanne, Lausanne, 
Switzerland. 
Acknowledgements
The authors are grateful to Sami Rtimi for his feedback on the manuscript and 
Eric DuPasquier for his input on the technical protective measures. This work 
is partially supported by The Swiss National Science Foundation through the 
projects number FN 200020_140209 and PP00P2‑123373/1. The Adolphe 
Merkle Foundation is also kindly acknowledged.
Additional files
Additional file 1. Figure S1 – Table with calculated values of band gaps 
and lower levels of the conductive band of some selected materials as 
functions of their particle size. Figure S2 a. Matrix used to combine the 
quantities of powders with frequency and duration to obtain the activity 
emission potential (EP 1, EP 2, and EP 3). b. Matrix used for combining the 
potential H level with the EP level to obtain the Nano (1, 2, or 3) laboratory 
level.
Additional file 2. Additional example of application of procedure 
for safety management of ENMs (handling of CNTs for cell culture 
experiment).
Page 16 of 17Groso et al. J Nanobiotechnol  (2016) 14:21 
Competing interests
The authors declare that they have no competing interests.
Received: 1 December 2015   Accepted: 19 February 2016
References
 1. The International Organization for Standardization. ISO 31000: risk man‑
agement—principles and guidelines: The International Organization for 
Standardization 2009 Contract No.: ISO 31000:2009(E).
 2. Marendaz JL, Suard JC, Meyer T. A systematic tool for assessment and 
classification of hazards in laboratories (ACHiL). Saf Sci. 2013;53:168–76. 
doi:10.1016/j.ssci.2012.10.001.
 3. United Nations. Globally harmonized system of classification and labeling 
of chemicals (GHS). New York and Geneva: United Nations Economic 
Commission for Europe2011; Report No.: ST/SG/AC.10/30/Rev.4.
 4. Riediker M, Ostiguy C, Triolet J, Troisfontaine P, Vernez D, Bourdel G, et al. 
Development of a control banding tool for nanomaterials. J Nanomater. 
2012;2012:1–8. doi:10.1155/2012/879671.
 5. Maynard AD. Nanotechnology: the next big thing or much ado about 
nothing? Ann Occup Hyg. 2007;51(1):1–12.
 6. European Commission. Commission recommendation of 18 October 
2011 on the definition of nanomaterial: European Commission 2011. 
Report No.: L 275, 38.
 7. The Organisation for Economic Co‑operation and Development. 
Nanosafety at the OECD: the first 5 years 2006–2010. OECD; 2011. http://
www.oecd.org/science/nanosafety/47104296.pdf. Accessed 5 Jun 2015.
 8. National Institute for Occupational Safety and Health (NIOSH). Current 
intelligence bulletin 65: occupational exposure to carbon nanotubes and 
nanofibers: National Institute for Occupational Safety and Health (NIOSH) 
2013. Report No.: 2013–145.
 9. National Institute for Occupational Safety and Health DHHS (NIOSH). Cur‑
rent intelligence bulletin 63: occupational exposure to titanium dioxide 
U.S. Department of Health and Human Services, Centers for Disease 
Control and Prevention. Publication No. 2011‑160. Cincinnati: OH2011 
Contract No.: Publication No. 2011‑160.
 10. National Institute for Occupational Safety and Health DHHS (NIOSH). 
Approaches to safe nanotechnology: managing the health and safety 
concerns associated with engineered nanomaterials. Publication No. 
2009‑125. Cincinnati: OH: NIOSH2009 Contract No.: Publication No. 
2009‑125.
 11. British Standards Institution. Nanotechnologies—Part 2: guide to safe 
handling and disposal of manufactured nanomaterials: British Standards 
Institution 2007. Report No.: PD 6699‑2 Contract No.: PD 6699‑2.
 12. International Organization for Standardization. ISO/TR 12885: nanotech‑
nologies—health and safety practices in occupational settings relevant 
to nanotechnologies: International Organization for Standardization 
2008. Report No.: ISO/TR 12885.
 13. Institut de recherche Robert‑Sauvé en santé et en sécurité de travail. 
Best practices guide to synthetic nanoparticle risk management: Institut 
de recherche Robert‑Sauvé en santé et en sécurité de travail (IRSST), 
Canada2009. Report No.: 599.
 14. California Nanosafety Consortium. Nanotoolkit—working safely with 
engineered nanomaterials in academic research settings. California: 
California Nanosafety Consortium 2012. Report No.: 04/19/2012.
 15. Duuren‑Stuurman B, Vink S, Brouwer D, Kroese D, Heussen H, Verbist K 
et al. Stoffenmanager nano: description of the conceptual control band‑
ing model. The Netheralands: TNO2011. Report No.: V9216.
 16. International Organization for Standardization. nanotechnologies—occu‑
pational risk management applied to engineered nanomaterials—part 2: 
use of the control banding approach. Geneva: Switzerland International 
Organization for Standardization 2014. Report No.: ISO/TS 12901‑2.
 17. Paik SY, Zalk DM, Swuste P. Application of a pilot control banding tool for 
risk level assessment and control of nanoparticle exposures. Ann Occup 
Hyg. 2008;52(6):419–28. doi:10.1093/annhyg/men041.
 18. Danish nanosafety centre Denmark. Nanosafer vs. 1.1—nanomaterial risk 
assessment using first order modeling. 2013. http://nanosafer.i‑bar.dk/. 
Accessed 5 Nov 2015.
 19. Brouwer DH. Control banding approaches for nanomaterials. Ann Occup 
Hyg. 2012;56(5):506–14. doi:10.1093/annhyg/mes039.
 20. De Rademaeker E, Suter G, Pasman HJ, Fabiano B. A review of the past, 
present and future of the European loss prevention and safety promotion 
in the process industries. Process Saf Environ Prot. 2014;92(4):280–91. 
doi:10.1016/j.psep.2014.03.007.
 21. The Committee on prudent practices in the laboratory. Prudent Practices 
in the laboratory: handling and management of chemical hazards. Wash‑
ington, D.C.: The national academies press; 2011.
 22. Groso A, Petri‑Fink A, Magrez A, Riediker M, Meyer T. Management of 
nanomaterials safety in reserch environment. Part Fibre Toxicol. 2010;7:40.
 23. Lee JH, Kuk WK, Kwon M, Lee JH, Lee KS, Yu IJ. Evaluation of information 
in nanomaterial safety data sheets and development of international 
standard for guidance on preparation of nanomaterial safety data sheets. 
Nanotoxicology. 2013;7(3):338–45. doi:10.3109/17435390.2012.658095.
 24. International Organization for Standardization. ISO 11014:2009 safety 
data sheet for chemical products: content and order of sections 2009.
 25. The European parliament and the council. Regulation (EC) no 1272/2008 
of the European parliament and of the council of 16 December 2008 
on classification, labeling and packaging of substances and mixtures, 
amending and repealing Directives 67/548/EEC and 1999/45/EC, and 
amending regulation (EC) No 1907/2006. Off J Eur Union. 2008.
 26. Sevian H. Lecture notes of H. Sevian, Chem 103, UMass Boston. 2006. 
http://alpha.chem.umb.edu/chemistry/ch103/sevian/documents/lec‑
tures/CH103lecture2‑28‑06_addnl.pdf. Accessed 14 Jan 2015.
 27. Practical pharmaceutics. Bouwman‑Boer Y, Fenton‑May V, Le Brun P. 
editors. An international guideline for the preparation, care and use of 
medicinal products. Springer International Publishing; 2015.
 28. Chemical abstracts service. SciFinder—research discovery application 
that provides access to source of references, substances and reactions 
in chemistry and related sciences. 2015. http://www.cas.org/products/
scifinder. Accessed 15 Jan 2015.
 29. Solubility database, version 1.0 NIST standard reference database 106 
[database on the Internet] 2007. Available from: http://srdata.nist.gov/
solubility/. Accessed: 14 Jan 2015.
 30. CRC Handbook of chemistry and physics. Haynes WM. editor. 95th ed. 
6000 Broken sound parkway NW: CRC Press; 2014.
 31. Misra SK, Dybowska A, Berhanu D, Luoma SN, Valsami‑Jones E. The 
complexity of nanoparticle dissolution and its importance in nano‑
toxicological studies. Sci Total Environ. 2012;438:225–32. doi:10.1016/j.
scitotenv.2012.08.066.
 32. Borm P, Klaessig FC, Landry TD, Moudgil B, Pauluhn J, Thomas K, et al. 
Research strategies for safety evaluation of nanomaterials, part V: role of 
dissolution in biological fate and effects of nanoscale particles. Toxicol 
Sci. 2006;90(1):23–32. doi:10.1093/toxsci/kfj084.
 33. Mihranyan A, Stromme M. Solubility of fractal nanoparticles. Surf Sci. 
2007;601(2):315–9. doi:10.1016/j.susc.2006.09.037.
 34. Vogelsberger W. Thermodynamic and kinetic considerations of the 
formation and the dissolution of nanoparticles of substances having low 
solubility. J Phys Chem. 2003;107(36):9669–76. doi:10.1021/jp030347z.
 35. Kaptay G. On the size and shape dependence of the solubility of nano‑
particles in solutions. Int J Pharm. 2012;430(1–2):253–7. doi:10.1016/j.
ijpharm.2012.03.038.
 36. Aschberger K, Johnston HJ, Stone V, Aitken RJ, Tran CL, Hankin SM, et al. 
Review of fullerene toxicity and exposure—appraisal of a human health 
risk assessment, based on open literature. Regul Toxicol Pharmacol. 
2010;58(3):455–73. doi:10.1016/j.yrtph.2010.08.017.
 37. International Organization for Standardization. nanotechnologies—ter‑
minology and definitions for nano‑objects—nanoparticle, nanofibre and 
nanoplate: International Organization for Standardization 2008. Report 
No.: ISO/TS 27687:2008.
 38. Bernstein D, Castranova V, Donaldson K, Fubini B, Hadley J, Hesterberg 
T, et al. Testing of fibrous particles: short‑term assays and strategies—
report of an ILSI risk science institute working group. Inhal Toxicol. 
2005;17(10):497–537. doi:10.1080/08958370591001121.
 39. Tweedale G. Asbestos and its lethal legacy. Nat Rev Cancer. 
2002;2(4):311–5. doi:10.1038/nrc774.
 40. Donaldson K, Murphy FA, Duffin R, Poland CA. Asbestos, carbon nano‑
tubes and the pleural mesothelium: a review of the hypothesis regarding 
the role of long fibre retention in the parietal pleura, inflammation and 
mesothelioma. Part Fibre Toxicol. 2010;7:5. doi:10.1186/1743‑8977‑7‑5.
Page 17 of 17Groso et al. J Nanobiotechnol  (2016) 14:21 
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
 41. Brown DM, Kinloch IA, Bangert U, Windle AH, Walter DM, Walker GS, et al. 
An in vitro study of the potential of carbon nanotubes and nanofibres 
to induce inflammatory mediators and frustrated phagocytosis. Carbon. 
2007;45(9):1743–56. doi:10.1016/j.carbon.2007.05.011.
 42. Mitchell BS. An introduction to materials engineering and science for 
chemical and materials engineers. Hoboken: Wiley; 2004.
 43. Karlsson HL, Toprak M, Fadell B. Handbook on the toxicology of metals. 
Cambridge: Academic Press; 2014.
 44. Tsoli M, Kuhn H, Brandau W, Esche H, Schmid G. Cellular uptake and 
toxicity of AU(55) clusters. Small. 2005;1(8–9):841–4. doi:10.1002/
smll.200500104.
 45. Asharani PV, Yi L, Gong Z, Valiyaveettil S. Comparison of the toxicity of 
silver, gold and platinum nanoparticles in developing zebrafish embryos. 
Nanotoxicology. 2011;5(1):43–54. doi:10.3109/17435390.2010.489207.
 46. Melber C, Keller D, Mangelsdorf I. Palladium—a review of exposure and 
effects to human health. Int J Hyg Environ Health. 2002;205(6):417–32.
 47. Zhu Y, Li J, Li W, Zhang Y, Yang X, Chen N, et al. The biocompatibility of 
nanodiamonds and their application in drug delivery systems. Theranos‑
tics. 2012;2(3):302–12. doi:10.7150/thno.3627.
 48. WHO International Agency for research on cancer. IARC Monographs on 
the evaluation of carcinogenic risks to humans, volume 93: carbon black, 
titanium dioxide, and talc. lyon, France: WHO: International Agency for 
research on cancer; 2010.
 49. Mossman BT, Churg A. Mechanisms in the pathogenesis of asbestosis 
and silicosis. Am J Respir Crit Care Med. 1998;157(5):1666–80.
 50. Arts JHE, Muijser H, Duistermaat E, Junker K, Kuper CF. Five‑day inhalation 
toxicity study of three types of synthetic amorphous silicas in Wistar rats 
and post‑exposure evaluations for up to 3 months. Food Chem Toxicol. 
2007;45(10):1856–67. doi:10.1016/j.fct.2007.04.001.
 51. Warheit DB, McHugh TA, Hartsky MA. Differential pulmonary responses in 
rats inhaling crystalline, colloidal or amorphous silica dusts. Scand J Work 
Environ Health. 1995;21:19–21.
 52. Costantini LM, Gilberti RM, Knecht DA. The phagocytosis and toxicity 
of amorphous silica. Plos One. 2011;6(2):e14647. doi:10.1371/journal.
pone.0014647.
 53. Merget R, Bauer T, Kupper HU, Philippou S, Bauer HD, Breitstadt R, et al. 
Health hazards due to the inhalation of amorphous silica. Arch Toxicol. 
2002;75(11–12):625–34. doi:10.1007/s002040100266.
 54. Dalai S, Pakrashi S, Kumar RSS, Chandrasekaran N, Mukherjee A. A 
comparative cytotoxicity study of TiO2 nanoparticles under light and dark 
conditions at low exposure concentrations. Toxicol Res. 2012;1(2):116–30. 
doi:10.1039/c2tx00012a.
 55. Zhang H, Ji Z, Xia T, Meng H, Low‑Kam C, Liu R, et al. Use of metal oxide 
nanoparticle band gap to develop a predictive paradigm for oxidative 
stress and acute pulmonary inflammation. ACS Nano. 2012;6(5):4349–68. 
doi:10.1021/nn3010087.
 56. Brus LE. Electron electron and electron‑hole interactions in small 
semiconductor crystallites—the size dependence of the lowest excited 
electronic state. J Chem Phys. 1984;80(9):4403–9. doi:10.1063/1.447218.
 57. Schneider T, Brouwer DH, Koponen IK, Jensen KA, Fransman W, Van 
Duuren‑Stuurman B, et al. Conceptual model for assessment of inhalation 
exposure to manufactured nanoparticles. J Expo Sci Environ Epidemiol. 
2011;21(5):450–63. doi:10.1038/jes.2011.4.
 58. Van Duuren‑Stuurman B, Vink SR, Verbist KJM, Heussen HGA, Brouwer DH, 
Kroese DED, et al. Stoffenmanager nano version 1.0: a web‑based tool 
for risk prioritization of airborne manufactured nano objects. Ann Occup 
Hyg. 2012;56(5):525–41. doi:10.1093/annhyg/mer113.
 59. Federal office of public health. Precautionary matrix for synthetic nano‑
materials. federal office of public health. Switzerland: 2013. http://www.
bag.admin.ch/nanotechnologie/12171/12174/index.html?lang=en. 
Accessed 14 Jan 2015.
 60. Freijer JI, Cassee FR, Bree LV. Modeling of particulate matter deposition 
in the human airways: National Institute for Public Health and Environe‑
ment (RIVM), Netherland 1997. Report No.: 624029001.
 61. te Biesebeek JD, Nijkamp MM, Bokkers BGH, Wijnhoven SWP. General fact 
sheet. General default parameters for estimating consumer exposure—
updated version 2014. Netherland: National Institute for Public Health 
and the Environment, RIVM2014. Report No.: 090013003/2014.
 62. Swiss National Insurance Company SUVA. Valeurs Limites d’exposition aux 
postes de travail: SUVA, Switzerland 2015. Report No.: 1903.f.
 63. Golanski L, Guiot A, Rouillon F, Pocachard J, Tardif F. Experimental evalu‑
ation of personal protection devices against graphite nanoaerosols: 
fibrous filter media, masks, protective clothing, and gloves. Hum Exp 
Toxicol. 2009;28(6–7):353–9. doi:10.1177/0960327109105157.
 64. Vinches L, Dolez P, Wilkinson KJ, Halle S, Iop. Experimental evaluation of 
the resistance of nitrile rubber protective gloves against TiO2 nanopar‑
ticles in water under conditions simulating occupational use. Nanosafe 
2012: International Conferences on safe production and use of nanoma‑
terials. 2013;429. doi:10.1088/1742‑6596/429/1/012056.
